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Abstract. The Infrared Spatial Interferometer (ISI) has been conducting mid-IR
measurements of red supergiant and AGB stars for about 20 years. This paper reviews
the ISI system and results with an emphasis on measurements of changes in stellar
sizes and shapes, and those of the surrounding dust shells, over time scales of weeks
to decades. The long-term measurement record provides important new observables
for stellar theory. A new spectrometer-correlator system is discussed where this system
will measure visibilities on-and-off individual molecular spectral lines.
1. Introduction
The ISI is a three-telescope interferometer that operates in the mid-infrared spectral
region (9–11 µm) and it is located at the Mt. Wilson Observatory. The telescopes have
a Pfund optical design with 1.65 m diameter primary mirrors and they are mounted in
movable semi-trailers. The trailers can be placed at various locations at the ISI site
giving a range of baseline separations of 4 to 85 meters. Figure 1 shows a photograph
of the ISI in a short baseline linear array configuration. The system is currently in a
triangular configuration with ∼35 m baselines.
The ISI uses heterodyne detection where radiation from CO2 lasers is mixed with
starlight at each telescope, and the resulting intermediate frequency (IF) “beats” are
correlated and detected. In this regard the system is like a radio telescope array, but
it operates near 27 THz. Early CO2 laser heterodyne spectroscopy studies measured
the CO2 abundance and winds of Venus and Mars (Betz et al. 1976; Johnson et al.
1976). Early heterodyne interferometry was performed using the auxillary siderostats
at the McMath-Pierce telescope at Kitt Peak (Johnson et al. 1974) and circumstellar dust
shells around a number of bright stars were observed (Sutton et al. 1977). A dedicated
two-telescope ISI system obtained first fringes in 1989 and the third telescope was
added in 2004. A more complete description of the ISI system is given in Hale et al.
(2000) and at the ISI web site http://isi.ssl.berkeley.edu/.
Mid-infrared wavelengths are scattered less by dust than visible or near-IR wave-
lengths and hence stars can be observed even when they are embedded within dust
shells. The dust shells can also be measured since, even though their emissivity is low,
they are at a temperature where the Planck function peaks in the mid-infrared. The ISI
has a narrow detection bandwidth with a spectral resolution of ∼5000 that is tuned by
choosing CO2 laser lines to observe, or avoid, spectral lines due to molecular gases
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Figure 1. The ISI telescope array at Mt. Wilson. The baselines shown are 4, 8 and
12 m, along an E-W line. Starlight is reflected from a steering flat mirror to a vertical
parabola on the right. Light is then focused through the hole in the flat mirror to the
detection system in the cabin behind the flat mirror. The master laser is in the trailer
with the three periscopes and the control room trailer is at the left edge of the photo.
surrounding these stars. Many ISI studies of stellar sizes have thereby been made of the
continnum, free of confusion due to gases. A new spectrometer-correlator system is be-
ing developed to measure visibilities at frequencies of spectral lines and the continuum
simultaneously.
The ISI observational program is directed towards precision observations of red
supergiant stars and AGB stars. The measurements have provided new information on
stellar properties. Among these are the sizes and shapes of stars, the sizes and shapes
of dust shells surrounding stars, and importantly, the changes of these properties with
time.
2. Stellar Interferometry
Optical-IR interferometry has advanced sufficiently that it is making contributions to
stellar astrophysics in many areas; this work is covered in a recent review by Ten
Brummelaar et al. (2009). The ISI has contributed to the development of interferome-
try and some discussion of interferometers is appropriate for understanding ISI results.
In a typical optical-IR interferometer, beams are combined together and detected to
form interference fringes. In the ISI, the intermediate frequency signals derived at
each telescope are brought together and correlated electronically. The quantity mea-
sured is the ”Michelson visibility”, or the normalized, square of the complex visibility,
which according to the van Cittert-Zernike theorem, is the two-dimensional Fourier
transform of the source intensity distribution. The ISI measures the visibility squared,
V2 = (FP)2/P1P2 where FP is the power in the interference fringe and P1 and P2 are
the individual powers measured at each telescope. The visibility is sampled at various
points in the spatial frequency (U,V) plane, given by B/λ where B is the projection of
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the interferometer baseline vector perpendicular to the direction to the star, and λ is
the wavelength. As the Earth rotates, or if the telescope positions are moved, a set of
measurements is assembled that samples the visibility function.
Figure 2. ISI visibility measurements of Betelgeuse at 11.15 µm. The low spatial
frequency ripples correspond to a ∼ 1′′radius dust shell, and the high spatial frequen-
cies match a uniform disk of 23 mas radius. The variation of low frequency points
over time, shown in the inset, indicates the shell is hollow during 1988–1992, and
then dust is present near the star in the 1993-1994 period. From Bester et al. (1996).
The classic Young’s double-slit experiment is an analog of stellar interferometry.
For a point source, the fringe pattern observed at a screen behind the slits is determined
by the separation (baseline) of the slits. If the slit separation is increased, the fringe
frequency increases, but the contrast does not vary. If, however, the source has a finite
size, then as the slit separation increases, there will be a separation for which the fringe
contrast is zero. The variation in fringe contrast with slit separation is very similar to
the experiments conducted at the 100” telescope by Michelson & Pease (1921).
Visibility measurements and their interpretation are best illustrated by example
using ISI measurements of Betelgeuse shown in Figure 2. The measurements cover
spatial frequencies from about 2 to 30 SFU, or spatial frequency units (1 SFU= 1× 105
cycles/radian) where these correspond to telescope baseline separations of ∼2 to 32 m.
The high spatial points are associated with the star itself and the lower spatial frequency
ripples correspond to a shell of dust surrounding the star. The solid curve is a model
fitted to data from 1988–1992 which consists of a uniform stellar disk of 23 mas radius
plus a thin dusk shell of 1′′radius. The dashed curve is a model fitted to later data where
the star is again a uniform disk, but the low frequency ripples must be fitted with shell
of material closer to the star (0.01′′) in addition to the large shell of material at 1′′. This
figure shows an early measurement of changes of material surrounding supergiant stars
on year time scales.
The ISI cannot measure the phase of an interference fringe, only the magnitude,
due to atmospheric turbulence. If the phase is not known, the positions of features
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are not determined and the measured visibilities only have information related to a
symmetric source intensity distribution. With three telescopes a quantity called the
closure phase, Φ, can be measured where Φ = φ12 + φ23 + φ31 Here, the φi j’s are
the phases of the individual fringes of the three telescope baselines summed around a
closed triangle. This quantity is not distorted by atmopheric turbulence and it provides
information related to stellar asymmetries. For example, the closure phase is zero for
sources which are centro-symmetric, like circles and ellipses, but non-zero for egg-
shapes or a pair of disks where one is brighter than the other.
Figure 3. Simulation of an asymmetric source illustrating a non-zero closure
phase. Left panel, source with hot spot; middle panel, 2D FFT of source image
with UV samples from ISI observations. Red, green and blue colors indicate the
telescope pairs, 1-2, 2-3 and 3-1. The upper right panel shows the visibility magni-
tudes at the sampled points. The lower right panel shows the closure phases obtained
from the sampling complex 2D FFT. The visibilities could be due to an ellipse, but
the closure phase indicates the size and orientation of the source asymmetry.
Figure 3 shows an example of a simulated two dimensional source distribution
with a bright spot placed off-center on a stellar disk. The magnitude of the two-
dimensional Fourier transform of this distribution, the complex visibility, is shown in
the middle panel and the colored points show UV samples of the visibility. The upper
right panel plots the sampled visibility magnitudes as a function of spatial frequency.
The lower right panel shows the closure phases obtained from summing the phases of
the UV samples of the complex visibility; the closure phases are plotted as a function
of the position angle of the telescope 2-3 baseline (green points). The variation of the
closure phase can then be used to determine that there is an asymmetry in the source,
where this may not be apparent from the measured visibilities. Modeling of visibility
and closure phase measurements of Betelgeuse over the period 2006-2009 are presented
by Ravi et al. (2010) in these proceedings.
3. Heterodyne Interferometry System
A schematic diagram of the ISI system is shown in Figure 4 below. A more complete
description of this diagram is given in Wishnow et al. (2010a).
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Figure 4. ISI system diagram. Radiation from a star is combined with that from
CO2 laser local oscillators (LO). The resulting IF signals are delayed, correlated and
low-pass filtered. The interference fringes occur at frequencies chosen to be 86, 107
and 193 Hz, by locking the beat between the LOs and the master oscillator to com-
puter controlled synthesized frequencies F1, F2 and F3. The delay lines compensate
for differential geometric, and signal, pathlengths through the telescopes and cables
to the correlators with the required accuracy of 5 mm (this is set by the bandwidth).
4. Measurements Over Time: AGB Stars
The ISI has measured the dust distribution surrounding a number of supergiant, carbon
and Mira stars (Danchi et al. 1994). The ISI has also made precise measurements of
changes in stellar sizes over time and Figure 5 shows the size variation of Mira over
three stellar luminosity cycles. The maximum mid-IR size lags the maximum visible
brightness by ∼0.135 of the luminosity period.
Recent measurements of Mira and R Leo, using three telescopes and closure phase,
have been fitted with uniform disk+hot spot models. Some variations in stellar sizes
have also been examined over a time period of a few months (Tatebe et al. 2008). The
ISI size variations over time form a set of observables that can be compared to stellar
models, such as those of Freytag & Ho¨fner (2008) and Chiavassa et al. (2010b).
The ISI has also observed variations in circumstellar material as it flows outwards
from the star (Tatebe et al. 2006; Chandler et al. 2007). Figure 6 shows the measured
visibilities, closure phases, and one-dimensional integrated intensities of the dust shell
that surrounds Mira obtained over four observing periods. This work was obtained
using the short-baseline configuration shown in Figure 1. The notable feature of this
series of measurements is the formation of a fairly large amount of dust, with an asym-
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Figure 5. ISI diameter measurements of Mira measured over three stellar periods.
The average diameter is 48 mas and the fitted curve has a peak-to-peak amplitude
of 12 mas. Note the maximum size varies across stellar cycles. From Weiner et al.
(2003a).
metric distribution, in fall of 2003 and the expansion and dissipation of this dust shell
in subsequent years. Mass-loss and dust formation processes are apparently episodic.
In addition to observing material in circumstellar regions fairly far away from the star,
measurements of the flow of material (presumably dust) just above the stellar photo-
sphere have been measured for the star W Hya (Wishnow et al. 2010b).
5. Measurements Over Time: Red Supergiants
ISI studies of Betelgeuse show very interesting variations of the stellar size and shape
over relatively short time intervals. Tatebe et al. (2007a) observed an asymmetry in
2006 which was fitted with a uniform disk+hot spot model, and Ravi et al. (2010)
in an accompanying paper discuss the change of model images over the time period
2006–2009. It would be very valuable to model these variations using an approach
similar to that used by Chiavassa et al. (2010a) to interpret the H band interferometric
measurements of Betelgeuse (Haubois et al. 2009)
ISI observations of the diameter of Betelgeuse over the period 1994 to 2009 are
shown below in Figure 7. A recent paper showed that the star diminished in size over
the first 16 years of observation (Townes et al. 2009). More recently, the star’s size
has increased. The sizes shown in this plot differ slightly from those in the Ravi stellar
model images because the data for 2007 and 2008, has been fitted with simple uniform
disks, and the analysis did not take into account the small fraction of flux associated
with asymmetries. There is no obvious correlation between the stellar size and the
visible photometry, but it is tempting to associate the recent size increase with a recent
brightness increase. Given these recent variations, it will be quite interesting to continue
Infrared Spatial Interferometer 213
Figure 6. ISI measurements of dust surrounding Mira over time. Left to right:
visibility vs. spatial frequency; closure phase vs. spatial frequency; 1D integrated
intensity profile (Fourier transform of the visibility), The curves from top to bottom
are: Aug-Sept 2003, Oct-Nov 2003, 2004, 2005 and they are displaced upwards
from the baseline of 2005 by an amount proportional to the time difference. From
Chandler et al. (2007).
Figure 7. Upper panel, mid-IR diameter measurements of Betelgeuse vs. time.
ISI measurements are in black (Townes et al. 2009) with a recent one in red; VLTI
mid-IR measurements are in green (Perrin et al. 2007). Lower panel, visible pho-
tometry vs. time. AAVSO data is shown by black dots and 30 day averages are in
red.
monitoring this star. It will also be important to compare the mid-IR measurements to
those made in other wavelength bands over similar time periods.
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Another long-term ISI supergiant study examined the behavior of the dust sur-
rounding α Her. The star was surrounded by a moderately dense shell of dust in 1992,
but by 1993 it had begun to dissipate and since 1996 there is relatively little dust around
this source (Tatebe et al. 2007b).
6. Spectroscopic Interferometry
Evolved giant stars do not have well defined surfaces and their appearances are further
affected by limb darkening, or by emission from overlying material. As a result, the
diameter of a star varies as a function of wavelength due to the various contributing
factors to the stellar opacity. Near-IR Keck aperture masking interferometry of Mira
shows diameter variations of greater than 2 across the band, where large diameters are
observed in spectral regions of water vapor emission (Woodruff et al. 2009). Variations
in the apparent diameter of Betelgeuse of 30% were observed across the mid-IR band
using the VLT interferomter (Perrin et al. 2007). The contributions of various molecular
gases, dust types or free electron scattering, to the mid-IR opacity of extended stellar
atmospheres is not completely understood.
Mid-IR interferometric measurements of Betelgeuse were well modeled by a de-
tached molecular shell, often called a ”MOLsphere,” by Perrin et al. (2007). On the
other hand, spectroscopic measurements of OH and H2O spectral lines have been in-
terpreted using a higher temperature region in close proximity to the stellar surface
(Jennings & Sada 1998; Ryde et al. 2006).
In order to better understand the distribution of molecules surrounding red super-
giant and AGB stars, and the nature of the mid-IR opacity, we are currently building
a spectrometer-correlator system to observe visibilities on-and-off individual molecu-
lar spectral lines. The spectrometer-correlator is being built in collaboration with the
Center for Astronomy Signal Processing and Electronics Research (CASPER) at UC
Berkeley. It is based on very high speed Field Programmable Gate Array (FPGA) pro-
cessors and 6 Giga-samples/sec analog-to-digital converter; the system is described in
more detail in Wishnow et al. (2010a).
Figure 8. Left panels: two spectral regions of Mira. Upper plot continuum, lower
plot H2O line region (11.149 µm=896.94 cm−1, 11.086 µm=902.04 cm−1), dashed
lines show ISI detection bands. Right panel: visibility squared of Mira on-and-
off the H2O line. The apparent size on-line is larger than the continuum size. From
Weiner et al. (2003b).
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Previous ISI spectroscopy studies used an analog filterbank system to show that
ammonia (NH3) and silane (SiH4) form at large distances from the star, 20 and 80 stel-
lar radii, respectively, in the case of IRC+10216 (Monnier et al. 2000). In the case of
VY Cma, ammonia was observed at a distance of 40 stellar radii. Figure 8 shows ISI
visibility measurements of Mira made by Weiner et al. (2003b) The left panels panels
show spectra obtained using the TEXES high resolution spectrometer (Lacy et al. 2002)
and the ”stick spectra” are predicted intensities of H2O lines at 1000 K. The ISI detec-
tion bands are shown with dashed lines where the apparent shifts of the bands in the
upper plot are due to the barycentric motion of the Earth (in fact the spectra shift, but
the frequency axes are in the star’s reference frame). The right panel shows visibility
measurements in spectral regions with, and without, a water line. The visibility mea-
surements were obtained using the entire RF detection band so the H2O line intensity
is diluted and the diameter associated with the line may also be reduced. Notice that
the water line near 902 cm−1 has an “inverse P-Cygni” lineshape. This arises when
absorbing material along the line of sight is moving towards the star and emitting gas
is flowing outwards. This spectral shape may indicate a velocity differential on either
side of an outward propogating shock.
Initial spectroscopic-interferometry studies will measure visibilities on H2O and
OH lines which are present in atmospheres of red supergiant and AGB stars. H2O,
OH lines, and continuum regions of interest are selected by predicting the molecular
spectrum based on a stellar atmospheric temperature and the recessional velocity. The
region of interest must then fall within the ±3 GHz spectrometer bandwidth centered on
a CO2 laser line. Figure 9 shows a transparent spectral region of Earth’s atmosphere and
a set of laser lines for two isotopologues of CO2 which are chosen to avoid absorption
by telluric 16O12C16O.
Figure 9. Left panel, atmospheric transmission vs. frequency (upper blue curve).
Predicted intensities of OH and H2O lines are shown as “stick spectra”; laser lines
are indicated by red and blue + symbols. Right panels, two expanded regions of
predicted stick spectra of α Ori for 8 Nov. ISI detection bands are indicated by
dashed red lines which are centered on CO2 laser lines. For this star, barycentric
motion shifts the stellar lines with respect to the detection band by about ±0.17 cm−1
over a year.
ISI interferometric-spectroscopy measurements will determine the abundance and
temperatures of molecules in the regions just beyond the continuum photosphere. Stud-
ies of spectral line profiles, and hence the gas kinematics of stellar atmospheres, may
also be possible with the spectrometer-correlator. The system is being tested and obser-
vations will begin in the summer of 2011.
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7. Conclusion
The ISI has been performing precision measurements of evolved giant stars and the
material that surrounds them. These measurements of stellar features and behavior
can be used to test and motivate stellar theory. A new spectroscopic-interferometry
capability will give information on the distribution of molecules and their temperatures
in extended stellar atmospheres.
The ISI capabilities are unique compared to other mid-IR interferometers (Keck,
VLT and LBT) as it performs measurements with a cadence that is not practical at
large facilities; this allows studies of stars on both short- and long-time scales. The
new spectromenter-correlator system has a spectral resolution of ∼600,000 (although
both sidebands fold on top of each other) and it is the only mid-IR interferometer capa-
ble of visibility measurements on individual spectral lines. ISI high spectral and high
spatial resolution capabilities complement far-IR spectroscopy by the Herschel Space
Observatory and sub-mm spectroscopy that will be performed by ALMA.
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